Protein tyrosine phosphorylation is a critically important posttranslational modification in the eukaryotic signal transduction pathways that regulate cell growth, differentiation, and development. The phosphorylation status of a given tyrosine residue is regulated by protein tyrosine kinases (PTKs) and protein tyrosine phosphatases (PTPases). The essential role of PTKs in these pathways is now well established; misregulation of PTKs can have dire consequences, including cell death, cell transformation, and tumorigenesis (see reference 8 for a review). Far less is understood about the functions of PTPases in signal transduction, especially for the receptor-like PTPases (RPTPs). While individual members of RPTP signal transduction pathways, including the kinase Abl and its substrate Enabled, have been identified genetically (50) , physiologically relevant substrates and downstream signal transduction elements of most RPTPs are unknown.
The PTPase gene family is large and varied (see reference 34 for a review). LAR, Dlar, PTP␦, and PTP comprise a subfamily of RPTPs that have ectodomains consisting of N-terminal immunoglobulin (Ig)-like domains and membrane-proximal fibronectin type III (FnIII) repeat motifs and cytoplasmic regions consisting of two tandemly repeated PTPase-like domains (29, 37, 38, 42, 44) . One of the FnIII repeat units of human LAR has been implicated in binding to the extracellular matrix (ECM) complex of laminin and nidogen (36) , and Dlar cooperates with integrins to regulate actin polymerization during oogenesis by integrating signals from the ECM (3). So far, no physiologically relevant ligand has been found that binds to the Ig-like domains of mammalian LAR family members, despite the fact that Ig-like domains are typically ligand binding domains. Chicken PTP has recently been shown to bind to heparan sulfates in vitro (2) , an interaction that requires both Ig-like domains and FnIII domains, but that finding has not yet been extended to mammalian LAR family members, and it is uncertain whether these proteoglycans are themselves ligands or function in a support role in ligand presentation (2) . Known ligands of RPTPs outside of the LAR subfamily are only slightly better understood. RPTP and RPTP have been implicated in homotypic adhesion events (9, 20, 51) , and RPTP has been shown to bind the cytokine pleiotropin, an interaction that is inhibitory to RPTP catalytic activity (33) . It is likely that other physiologically relevant ligands for all of these RPTPs still remain to be discovered.
The PTPase domains of the LAR subfamily are extremely well conserved; the PTPase domains of Drosophila Dlar and human LAR share 74% amino acid sequence identity (44) . We and others have previously reported that only the membraneproximal PTPase-like domain (PTP-D1) of mammalian RPTPs has a physiologically significant amount of catalytic activity in vitro (28, 29, 43, 49) , and that observation is extended to Drosophila PTPases in this report: all detectable in vitro PTPase catalytic activity of Dlar resides in PTP-D1.
It has been proposed that the PTPase activity of RPTPs is regulated by homodimerization, based on the finding that RPTP␣-D1 crystallizes as a homodimer (5) . The demonstra-tion that RPTP␣ homodimerizes in vivo (24) , and that RPTP␣ catalytic activity is inhibited in the dimeric state (25) lends support to this hypothesis. On the other hand, crystallization of the two-domain protein LAR PTP-D1D2 (35) argues against the LAR subfamily being regulated in a similar manner. The LAR-D1D2 protein is a monomer in solution (35) , and the structures of LAR PTP-D1 and PTP-D2 are stabilized by a series of hydrogen-mediated interactions that make PTP-D1 and PTP-D2 quite inflexible in relation to each other, making homodimer formation very unlikely (35) . The available data suggest that the LAR and RPTP␣ subfamilies may be regulated by distinct mechanisms.
Despite the lack of detectable PTPase catalytic activity from the C-terminal PTPase-like domain, PTP-D2, it is apparent that PTP-D2 has important functions. PTP-D2 of LAR family members interacts with and tightly binds to several cytosolic proteins, including the liprin family of coiled-coil cytoskeletal proteins, the multifunctional protein kinase/guanine nucleotide exchange factor Trio, and the Abl tyrosine kinase and its substrate Enabled (4, 13, 26, 39, 40, 50) . In addition to linking RPTPs to downstream signal transduction elements, there is a growing body of evidence that PTP-D2 of LAR family members regulates the catalytic activity of PTP-D1 in vitro. For example, PTP-D2 of PTP binds and regulates the activity of PTP-D1 of PTP␦ (47) , and the PTPase domains of RPTP␣ and LAR can bind to each other if they are expressed as truncated fusion proteins, an interaction that appears to be regulated by oxidative stress (6, 7) , although the consequence of this interaction for the PTPase catalytic activity of either RPTP is unknown.
We have previously reported that stimulation of increased catalytic activity of PTP-D1 by basic, positively charged proteins and peptides can be induced only if PTP-D2 is intact (23) and that truncation or swapping of PTP-D2 of LAR and CD45 causes changes in the substrate preference of PTP-D1 (18, 43 ; N. X. Krueger and H. Saito, unpublished observations). In addition, truncation of LAR PTP-D2 increases the catalytic activity of PTP-D1 (43) . In this report, we demonstrate that PTP-D2 of Drosophila Dlar also regulates the catalytic activity of PTP-D1 in vitro, and we provide the first evidence that PTP-D2 may regulate PTP-D1 in vivo. Mutation of PTP-D2 has a deleterious effect on Drosophila embryonic neural development if PTP-D1 is active, but the identical mutation in PTP-D2 has no in vivo effect if PTP-D1 is mutationally inactivated.
In Drosophila, Dlar and several other RPTPs have been implicated in regulating the development of the embryonic central nervous system (CNS), axon guidance, and development of the optic lobe (12, 14, 15, 26, 30) . In developing fly embryos, Dlar mRNA is supplied to the syncytial blastoderm by maternal expression that disappears around the cellularization stage. Dlar then reappears late in embryogenesis, specifically in the CNS at 12 to 16 h postfertilization (30, 45) . Dlar transcripts are also expressed in adult flies during oogenesis (16) . Loss-of-function mutations of the Dlar gene are lethal when homozygous (30) and cause multiple neuronal defects, including breaking and thinning of the CNS; aberrant, failed, or ectopic muscle-motoneuron synapse formation; and defective visual cognition (12, 15, 26, 30) . In Dlar loss-of-function mutants, intersegmental nerve b (ISNb) and ISNd fail to properly innervate their target muscles, a phenotype that is exacerbated if other RPTP genes, including RPTP99A and RPTP10D, are simultaneously disrupted (15, 30) . Nonneuronal phenotypes are also seen in Dlar loss-of-function genotypes: defects in oogenesis are observed in germ line Dlar Ϫ/Ϫ clones, and mutant embryos exhibit a loss of cell polarity, resulting in a round egg that is not oviposited (3, 17) . The implication of the phenotype is that Dlar present in the follicular epithelium surrounding the oocyte collaborates with integrin receptors to organize actin polymer arrays and cell polarity in the developing egg.
In order to better understand the function of RPTPs in vivo, we have constructed a series of point mutant and deletion mutant Dlar transgenes and introduced them into the Drosophila genome. These mutant transgenes were expressed by using the bipartite GAL4-UAS transcription system, which allows tissue-specific expression of transgenes (10) . We designed the transgenes to probe several unanswered questions about RPTP structure, including which portions of the complex Dlar ectodomain are required for PTPase function and which of the cytoplasmic PTPase-like domains are required for in vivo function. We report here that both the Ig-like domains and FnIII domains of the Dlar ectodomain serve important, nonredundant functions. The Ig-like domains are required for embryonic neural development, and the FnIII domains are essential during oogenesis. Surprisingly, we found that Dlar transgenes that have been mutated to inactivate the catalytic activity of PTP-D1 were able to rescue the lethality of Dlar Ϫ/Ϫ genotypes just as well as wild-type Dlar transgenes.
RESULTS
All detectable PTPase catalytic activity maps to PTP-D1 in vitro. The existence of two repeated PTPase-like domains in the cytoplasmic regions of most RPTPs is one of the most puzzling aspects of RPTP structure. Assays of in vitro PTPase activity of human RPTPs LAR, CD45, PTP␣, PTPε, PTP␦, and PTP indicate that all physiologically relevant PTPase activity maps to membrane-proximal PTP-D1; C-terminal PTP-D2 has little or no detectable activity (28, 29, 43, 49) . To determine whether the PTPase activity of Drosophila RPTPs maps to PTP-D1 in the same manner as that of their mammalian counterparts, we constructed a series of GST-Dlar fusion proteins, in which the Dlar cytoplasmic region, with or without specific point mutations, was fused to GST (Fig. 1A) . The enzyme mechanism of dephosphorylation by PTPases is known to proceed through a thiophosphate intermediate, in which a specific cysteine residue provides a sulfhydryl that covalently binds to orthophosphate before releasing it (11, 21) . Mutation of this catalytically obligatory cysteine to a serine residue eliminates all PTPase activity from the mutated PTPase domain (11, 21, 28, 29, 43) . We took advantage of this finding to make cysteineto-serine point mutations in PTP-D1 and PTP-D2 in order to determine which PTPase domains were active in vitro. Figure  1B and C show the results of this analysis. Figure 1B shows a time course plot of Dlar dephosphorylation, and the data from Fig. 1B were used to calculate the specific enzyme activity shown in Fig. 1C . Mutation of Cys1638, the catalytically obligatory cysteine residue in PTP-D1, completely eliminates PTPase activity, whereas mutation of the analogous cysteine residue in PTP-D2, Cys1929, has little effect on activity. If PTP-D2 is truncated from the fusion protein, the activity is actually higher than that of the wild-type construct, which is consistent with previous data showing that PTP-D2 regulates the PTPase activity of PTP-D1 in vitro. However, the activity of the PTPase domains of Dlar, and of PTPase family members in general, varies greatly depending on the substrate assayed and stimulatory cofactors used. Determination of whether PTP-D2 regulates PTP-D1 catalytic activity against physiologically relevant substrates must await their identification.
Creation of mutated Dlar transgenes. The ability of wildtype Dlar (Dlar-WT) transgenes to rescue the lethality of Dlar loss-of-function mutations gives us the opportunity to assay the roles of Dlar protein modules in vivo. A series of cytoplasmic domain ( Fig. 2A) and ectodomain (Fig. 2B ) constructs were made in order to characterize the in vivo function of these domains. The cytoplasmic domain constructs contain mutations similar to those used in the in vitro PTPase assays ( Fig. 1) and were designed to allow us to examine the in vivo requirement for PTPase catalytic activity derived from PTP-D1 and PTP-D2. Dlar-C1638S and Dlar-C1929S mutate the catalytically obligatory cysteine residues in PTP-D1 and PTP-D2, respectively; Dlar-CSX2 is a double mutant in which both PTP-D1 and PTP-D2 are mutated; and Dlar⌬PTP-D2 deletes PTP-D2 from the transgene (residues 1778 to 1992 are deleted; the natural C terminus of the wild-type sequence, residues 1993 to 1997, remain intact). We also made a series of deletions in the Dlar ectodomain in order to map the portions of the ectodomain that are important in ligand-receptor interactions (Fig. 2B) . Dlar⌬Ig123 deletes the three amino-terminal Ig domains (residues 33 to 317); Dlar⌬Fn123 deletes FnIII domains 1, 2, and 3 (residues 318 to 608); Dlar⌬Fn456 deletes FnIII domains 4, 5, and 6 (residues 609 to 907); Dlar⌬Fn789 deletes FnIII domains 7, 8, and 9 (residues 908 to 1193); and Dlar⌬Fn2-9 deletes FnIII domains 2 through 9 (residues 421 to 1349).
Expression of Dlar transgenes. These mutant transgenes were then introduced into the Drosophila genome by using P-element transformation, and their ability to rescue lethality was tested. The constructs were made by using the GAL4-UAS transcription system (10) , in which a GAL4-inducible promoter is placed upstream of the Dlar cDNAs. Since a wide variety of tissue-specific GAL4 source strains are available, this allows tissue-specific expression of Dlar transgenes in essentially any tissue of interest simply by mating the appropriate fly strains.
In order to examine the expression of Dlar transgene products, we generated rabbit polyclonal and mouse monoclonal antibodies by using GST-FnIII 1 ϩ 2 fusion proteins expressed in bacteria as antigens. Both polyclonal (affinity-purified) antibody and the monoclonal antibody 108.3C detected a polypeptide of ϳ230 kDa on immunoblots of extracts prepared from wild-type fly embryos ( To drive the expression of recombinant Dlar transgenes in all postmitotic neurons, we used the GAL4 driver C155 or one of its derivatives, elav-GAL4 (27, 31, 50) ; C155 is an enhancertrap insertion into the elav locus on the X chromosome, which directs GAL4 expression to postmitotic CNS neurons and neurons of the peripheral nervous system in the developing embryo. C155/elav also induces expression in the salivary gland. elav-GAL4 has the same tissue distribution as C155; it is a version of the elav promoter that has been cloned, directly fused to GAL4, and inserted onto chromosome 3 by P-element transformation. elav-GAL4 has the same tissue distribution as C155 but expresses more stably during long-term insect culture (27, 31, 50 ; our unpublished observations).
The amounts of protein made by all of the Dlar transgene constructs used in this report were assessed by immunoblotting. Representative protein expression levels of selected transgenic lines are shown in The GAL4-induced expression level of Dlar protein was also assessed in situ by staining with the anti-Dlar antibodies (see Fig. 2D ). Embryos expressing the Dlar transgenes under GAL4 control were stained with anti-Dlar antibodies and examined histologically. The embryos displayed the characteristic C155/ elav-induced nervous system tissue distribution. The top embryo in Fig. 2D shows the endogenous Dlar expression pattern.
The embryo in the middle shows expression of the Dlar-⌬PTP-D2 transgene, and the embryo on the bottom shows the expression of the same Dlar⌬Ig123 transgenic line blotted in lane 3 of Fig. 2C . The ventral view of the ⌬Ig123 embryo permits easy visualization of the CNS connectives where the ISN cell bodies reside. The staining intensities of the other transgenic lines were very similar to that of the Dlar⌬PTP-D2 embryo (and equivalent to the levels seen in the Dlar⌬Fn456 embryos in the blots in Fig. 2C, lanes 4 and 5) . The Dlar⌬Ig123 embryo in Fig. 2D shows the highest level of protein expression seen in any of the transgenic lines. It should be noted that we have found no correlation between the transgene expression level of a given strain and the behavior of the transgenic line in any of the experiments described below. Thus, it is unlikely that our data can be explained simply by the level of protein produced by a given transgenic strain.
Rescue of Dlar
؊/؊ lethality by using cytoplasmic domain mutant transgenes. The results of matings with the Dlar cytoplasmic domain constructs are shown in Table 1 and summarized in Fig. 3 . At least two independently integrated P-element insertions were tested for each construct. In all of these matings, the C155 driver was used as a source of GAL4 (31) . In Table 1 , males bearing the C155 driver on the X chromosome were mated to females bearing the UAS-Dlar transgenes on chromosome 3, so only female offspring received both a source of GAL4 and a UAS-Dlar transgene. This provides an internal control (rescue level of male offspring) for endogenous, GAL4-independent expression of the Dlar transgene. GAL4-independent rescue was also monitored by matings 3 to 7, 15, 16, and 21 to 28 in Table 1 . The reciprocal experiment, using C155 females and Dlar transgene-bearing males, generated the same amount of GAL4-dependent and GAL4-independent rescue as shown in Table 1 ; there is no maternal effect (data not shown). The (very low) level of GAL4-independent transgene expression is specific to the locus of insertion of each individual transgene; transgenes that are inserted into transcriptionally active loci have higher endogenous expression levels than transgenes inserted into transcriptionally quieter areas. Flies rescued by GAL4-independent Dlar transgene expression are always very small and quite sick; freshly eclosed adults usually die within 24 h. This is in clear contrast to GAL4-driven rescue, which generates fertile, healthy adults. (Fig. 4C) . Surprisingly, the Dlar-C1638S transgene, which inactivates PTP-D1, the PTPase domain in which all detectable in vitro PTPase activity resides, rescues Dlar Ϫ/Ϫ lethality nearly as well as Dlar-WT (Table 1, Fig. 3) .
In order to address the possibility that PTPase activity from either PTP-D1 or PTP-D2 is sufficient to restore Dlar function in vivo, we constructed Dlar-CSX2, which incorporates both the C1638S and C1929S mutations into a single transgene. Table 1 , matings 33 and 34, and Fig. 3 show that Dlar-CSX2 also rescues lethality quite efficiently, indicating that a catalytically active Dlar PTPase domain is not required for survival. Interestingly, despite the fact that inactivation of catalytic activity from PTP-D2 has no effect on rescue, the PTP-D2 truncation mutant, Dlar⌬PTP-D2, is significantly impaired in its ability to substitute for Dlar-WT, rescuing only about half as efficiently as Dlar-C1929S (Table 1, matings 12, 35, and 36 ). This suggests that PTP-D2 serves an important function independent of PTPase catalysis. The results of all of our experiments rescuing Dlar Ϫ/Ϫ genotypes with the cytoplasmic domain constructs are summarized in Fig. 3 , which shows that all of the cytoplasmic domain point mutant transgenes tested efficiently rescue lethality; only Dlar⌬PTP-D2 is impaired in its rescue capacity.
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Molecular characterization of a hypomorphic Dlar allele. In our previous genetic analysis of Dlar, we identified a partial loss-of-function allele (Dlar bypass ) characterized by the same axon guidance and synaptic phenotypes that we observed in null mutants (27) . However, this semilethal hypomorphic allele displays phenotypic penetrance of approximately one-third to one-half of Dlar null alleles (27) , indicating that a partially functional gene product is made from the Dlar bypass allele. To determine the molecular lesion in the Dlar bypass allele, we performed SSCP analysis by electrophoresis of radiolabeled PCR products with a series of primers that scans the entire Dlar protein-coding region (30) . One primer pair detected a gel shift, indicating a polymorphism (Fig. 4A) . Sequence analysis of the polymorphic fragments revealed a 4-bp deletion mutation (Fig. 4B ) resulting in a frameshift that truncates the cytoplasmic domain shortly before the beginning of PTP-D2 (Fig. 4C) a The X-linked C155 driver was used in these matings. GAL4-independent expression of the Dlar transgenes is monitored by rescue percentages of males, which do not receive GAL4 in any of these matings.
b One hundred percent rescue indicates that 33% of the adult progeny were homozygous for the Dlar loss-of-function alleles. n, total number of progeny counted. (Fig. 5) .
There are several possible explanations for the lack of significant rescue at the population level. (i) The GAL4 system is well known to be subject to mosaicism, often showing inconsistent levels of expression from cell to cell or embryo to embryo. The level of Dlar transgene mRNA induced by the GAL4 system can be very heterogeneous, with some embryos expressing much more mRNA than others. Note that despite these high mRNA levels, we never see levels of Dlar protein more than twofold greater than the endogenous level of wildtype Dlar (Fig. 2C and D) , indicating that expression of Dlar protein is tightly regulated posttranscriptionally. (ii) Efficient expression of transgenic proteins is often dependent on RNA splicing or untranslated region sequences, both of which are absent in the cDNA construct that we used here. Thus, normal (Fig. 5) . Interestingly, no similar increase in the frequency of bypass is seen in Dlar 13.2 / Dlar 5.5 embryos expressing Dlar-CSX2 (ISNb bypass frequency, 25.3% Ϯ 3.2%; n ϭ 259), despite the presence of the same C1929S mutation in this transgene. The finding that a mutation within PTP-D2 has no detectable phenotype unless PTP-D1 is catalytically active suggests that PTP-D2 affects neural development indirectly via regulation of the catalytic activity of PTP-D1. If this interpretation is correct, these data represent the first evidence that PTP-D2 regulates the PTPase activity of PTP-D1 in vivo.
FIG. 4. The
It should be noted that there is no phenotype observed when Dlar-C1929S is expressed in insects that have a wild-type copy of Dlar. We have not ever observed any dominant effects from expressing Dlar transgenes in a wild-type background in any of the assays described in this paper. The only time a gain-offunction phenotype is observed is in Dlar Ϫ/Ϫ embryos, meaning that the Dlar-C1929S gain-of-function phenotype is most accurately described as recessive. Rescue of the Dlar ؊/؊ lethal phenotype by Dlar ectodomain mutant transgenes. The Dlar ectodomain constructs were also assayed for their capacity to rescue Dlar Ϫ/Ϫ lethality. The results of these experiments are summarized in Fig. 6 ; multiple transgenic lines were tested for each construct. The same types of control matings that are shown in Table 1 were performed for the ectodomain rescue experiments, but those results are omitted here for clarity. We found that in terms of survival, the FnIII domains of the Dlar ectodomain are dispensable. Dlar⌬Fn123, Dlar⌬Fn456, Dlar⌬Fn789, and Dlar⌬Fn2-9 all rescue lethality as efficiently as Dlar-WT. On the other hand, Dlar⌬Ig123 is severely impaired in its capacity to rescue lethality despite the fact that Dlar⌬Ig123 is expressed at higher levels than Dlar-WT and all of the ⌬Fn transgenes ( Fig. 2C and D) . These results demonstrate that while the Ig-like domains of Dlar are necessary for efficient function in the Drosophila nervous system, the FnIII domains are dispensable in this context.
FIG. 5. The frequency of bypass phenotypes is increased in
Rescue of the Dlar ؊/؊ oocyte phenotype by Dlar ectodomain mutant transgenes. We also assayed the capacity of the Dlar ectodomain constructs to rescue the observed oocyte phenotype seen in Dlar Ϫ/Ϫ embryos. escapers (see Table 1 , matings 19 and 20, for escaper frequencies). Analysis of these adults, or of homozygous mutant clones in a wild-type background, reveals a requirement for Dlar in the follicular epithelium surrounding the oocyte (3, 17) . In this context, Dlar collaborates with integrin receptors to orchestrate accurate cell polarity and the organization of actin polymer arrays; in the absence of Dlar, epithelial polarity fails, resulting in a round egg that is not oviposited (3). To determine which components of the Dlar extracellular domain are required for Dlar function in oogenesis, we tested the ability of the ectodomain deletion constructs to rescue the roundegg defect of Dlar homozygous escapers. In the absence of transgenes, Dlar 5.5 /Dlar 13.2 mutants show a moderate penetrance of abnormally round stage 14 oocytes in dissected ovaries (14.7%) ( Table 2) . Expression of a wild-type Dlar transgene in this background with the epithelial driver T155-GAL4 (3) rescues this defect to near-wild-type levels; the data in Table 2 represent a 91% rescue of the oocyte phenotype. Although our analysis of Drosophila viability demonstrated a requirement for Dlar Ig-like domains, in the follicular epithelium they are dispensable; the transgene lacking all 3 Ig-like domains, Dlar⌬Ig123, rescued as efficiently as the wild-type transgene. However, expression of Dlar⌬Fn2-9 in Dlar 13.2 / Dlar 5.5 embryos not only failed to rescue egg-shape defects, it caused nearly a fourfold increase in the penetrance of round stage 14 oocytes observed. Analyses of the smaller FnIII deletion constructs show that sequences contained within FnIII domains 1 to 6 are required for this function of Dlar, while FnIII domains 7 to 9 are dispensable (Table 2) . Thus, the Ig-like domains are required for survival, but not during oogenesis, and the FnIII domains are required during oogenesis.
DISCUSSION
The functional mapping of multidomain proteins is important to determine the structural basis of their interactions, and in the present context this type of analysis has allowed us to study one of the most striking structural features of RPTPs: the existence of two repeated PTPase-like domains in the cytoplasmic region. The in vitro PTPase assay data strongly support the idea that PTP-D1 contains all physiologically relevant PTPase catalytic activity; no physiologically relevant PTPase catalysis can be detected from wild-type PTP-D2 of any RPTP tested. We have extended these findings to Dlar in this study: all PTPase activity maps to PTP-D1 in vitro. We attempted to demonstrate that PTPase activity from PTP-D1 is essential for survival, but to our surprise, mutant Dlar transgenes that inactivate catalytic activity derived from either PTP-D1, PTP-D2, or both simultaneously are able to rescue Dlar Ϫ/Ϫ lethality nearly as well as the wild-type Dlar. Of the cytoplasmic domain constructs tested, only the PTP-D2 truncation mutant, Dlar⌬PTP-D2, is significantly impaired in its rescue capacity. The simplest explanation of these data is that the functions of Dlar that are essential for insect survival do not require PTPase catalytic activity. This finding is contrary to what has been observed for another Drosophila PTPase, DPTP69D, which has been shown to require a catalytically active PTP-D1 in order to rescue DPTP69D Ϫ/Ϫ lethality (19) . Given the ex- quisite conservation of LAR family PTPase domains through evolution, the lack of an essential role for PTPase catalysis in Dlar function is a profoundly surprising finding. There remain other possible interpretations of these data. It is possible that the Cys-to-Ser mutants, while unable to dephosphorylate, generate a PTPase domain that is still able to recognize and bind to its substrate. Indeed, we have previously reported the ability of the Cys-to-Ser-mutated PTP-D1 of CD45 to tightly and stably bind the substrate CD3 (18) . If this type of binding occurs for Dlar-C1638S, then it is possible that by binding to substrate, Dlar-C1638S sequesters substrate and prevents it from functioning in downstream signaling events. Figure 7 shows a schematic of this speculative model. There is precedence for this type of interaction to have biological effects. In the case of the Drosophila cytosolic PTPase corkscrew (csw), it has been demonstrated genetically that csw-derived PTPase activity is essential for proper photoreceptor development and that a Cys-to-Ser mutant of csw has the capacity to partially restore csw function in csw loss-of-function backgrounds (1) . If this model is correct, the implication for Dlar signal transduction is that the in vivo effect of dephosphorylation by Dlar is the functional inactivation of its substrate. It is also possible that a variant of this substrate sequestration model is occurring. Genetics have already shown that both Dlar and PTP69D are functionally redundant and that they have interchangeable cytoplasmic domains (15, 32) . It is therefore possible that PTP69D catalysis is sufficient in a Dlar Ϫ/Ϫ background, as long as substrates are recruited and bound to the Dlar-C1638S PTPase domains.
The interpretation of these data would have been greatly simplified by analysis of a Dlar transgene that completely lacked a cytoplasmic domain, Dlar⌬PTP-D1D2. However, re- FIG. 7 . Speculative model of the mechanism of rescue of lethality by Dlar-C1638S. The ability of Dlar-C1638S to rescue lethality nearly as well as Dlar-WT does not necessarily mean that PTPase catalytic activity is not required for Dlar function. While they are unable to catalyze dephosphorylation, it is possible for Cys-to-Ser PTPase domain mutants to stably bind to substrates (1, 18) . If the in vivo function of Dlar is to functionally inactivate its substrate via dephosphorylation, as diagrammed in panel A, then panel B shows that by binding and sequestering substrate, Dlar-1638S could mimic the function of Dlar-WT without being catalytically active.
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peated and intensive efforts to express this transgene were unsuccessful. It is possible that expression of this transgene is deleterious for insect survival. Indeed, it has been observed that expression of proteins similar to the Dlar⌬PTP-D1D2 proteins that we tried to express generate dramatic dominant gain-of-function phenotypes at neuromuscular junctions (26) . Despite the fact that PTP-D2 does not appear to be a catalytically active PTPase domain, there is now a growing body of evidence that PTP-D2 performs several vitally important functions in vivo. Indeed, within the LAR PTPase subfamily, the sequence of PTP-D2 is better conserved than that of PTP-D1 (Fig. 8) , indicating a strong evolutionary pressure for conservation of PTP-D2 structure and function. Our data clearly indicate that PTP-D2 is vitally important for survival: truncation of PTP-D2 in the Dlar bypass allele results in a semilethal phenotype, and the Dlar⌬PTP-D2 transgene is impaired in its capacity to rescue Dlar Ϫ/Ϫ lethality. Taken in the context of the capacity of Dlar-C1929S to efficiently rescue Dlar Ϫ/Ϫ lethality, the data strongly argue for the idea that PTP-D2 performs essential functions independent of PTPase catalysis. One of these functions is to serve as a docking domain for downstream signal transduction elements. PTP-D2 of LAR subfamily members interacts physically and functionally with a variety of cytoplasmic proteins, including several members of the liprin family, Trio, Ena, and Abl (4, 13, 26, 39, 40, 50) . Another function of PTP-D2 appears to be regulation of the PTPase activity of PTP-D1. Expression of the Dlar-C1929S transgene in a Dlar Ϫ/Ϫ background significantly increases the observed frequency of the bypass phenotype in developing embryos (Fig.  5 ), but the identical C1929S mutation has no effect on neural development if it is expressed in tandem with the PTP-D1-inactivating C1638S mutation in the Dlar-CSX2 transgene. Thus, we hypothesize that PTP-D2 regulates the catalytic activity of PTP-D1. This hypothesis is based on the reasoning that if PTP-D2 exerts its effect on neural development indirectly via regulation of PTP-D1 PTPase activity, inactivation of PTP-D1 catalysis should abolish the phenotypic consequences of mutations in PTP-D2. There are other possible mechanisms for the effect of the C1929S mutation. It is also possible that the C1929S mutation generates a PTP-D2 capable of sequestering a substrate in the manner that we suggest in Fig. 7 , generating a gain-of-function phenotype, or that the C1929S mutation causes a conformational change that results in lack of interaction with substrates or docking proteins. In any of these cases, it seems quite likely that the C1929S mutation has an additional effect on PTP-D2 beyond simply inactivating potential PTP-D2 catalytic activity (if, in fact, any relevant PTP-D2 catalytic activity exists at all).
In the LAR crystal structure, the overall structures of PTP-D1 and PTP-D2 are remarkably similar (35) . The main difference in the structure between the two PTPase domains is that the phosphotyrosine binding pocket is covered in PTP-D2; the cysteine residue analogous to Dlar Cys1929 in LAR PTP-D2 is buried in the interior of the protein and is not accessible to the external environment (35) , which provides a structural explanation for why PTP-D2 is not catalytically active. However, we have demonstrated that LAR PTP-D2 can become a highly active PTPase in vitro if two specific point mutations (Leu1644Tyr and Glu1779Asp) are made within PTP-D2 (35). Thus, it is possible that if the correct substrate was assayed or if LAR protein with the appropriate posttranslational modifications was isolated, physiologically relevant amounts of PTPase activity derived from PTP-D2 would be detected. However, the capacity of the Dlar-C1929S transgene to fully rescue lethality indicates that, unlike the essential docking and regulatory functions of PTP-D2, any PTPase catalytic activity that may be derived from PTP-D2 is nonessential for survival.
RPTPs are characterized by the structurally diverse extracellular domains, including Ig-like and FnIII domains, that are also present in several cell adhesion molecules. The combination of these cell adhesion molecule-like extracellular domains with intracellular PTPase domains enables RPTPs to directly couple extracellular adhesion-mediated events to intracellular signaling to modulate phosphotyrosine levels. Identification of physiologically relevant ligands for RPTPs has proven to be difficult, and delineation of functional domains may help identification of RPTP ligands. The large Dlar ectodomain clearly participates in multiple distinct interactions. The three Ig-like domains of Dlar are required for survival, and the FnIII domains are critical for regulating oogenesis, suggesting that different sets of receptor-ligand interactions are involved in different contexts. The data in this report are consistent with the idea that the Dlar ectodomain binds to more than one individual ligand or, at minimum, that Dlar binds to a single ligand at multiple different sites in its ectodomain. The lethality rescue data show that in the absence of FnIII domains, interaction of ligand with the Ig-like domains alone is sufficient to completely substitute for Dlar-WT. Alternatively, it is also possible that the Ig-like domains and/or the Fn domains participate in the formation and stability of Dlar homodimers or in het- erodimer formation with other cell surface protein(s) and that deletion of these domains prevents the assembly of a functional multiprotein receptor complex. The removal of Ig-like domains dramatically reduces survival frequency, but ϳ30% of adults do survive despite the lack of Ig-like domains. There are several possible mechanisms for the residual activity of the Dlar⌬Ig123 mutant. First, the relevant ligand may bind to both Ig-like and FnIII domains, but with a higher affinity to Ig-like domains. In the absence of Ig-like domains, however, low-affinity interaction of the ligand with the FnIII domains may be sufficient to elicit low-level Dlar function. Such differential ligand binding affinity has been observed in binding of the fibroblast growth factor receptor with its ligands (48) . Second, expression of the intact cytoplasmic PTPase domains present in these mutants may elicit low-level Dlar function even in the absence of any extracellular ligand binding. Third, Dlar may form a heterodimer with a coreceptor, and its ligand may still bind the coreceptor with a reduced efficiency.
In contrast to the rescue-of-lethality data, rescue of the Dlar Ϫ/Ϫ oogenesis phenotype indicates that the Ig-like domains are not required for Dlar functional regulation of oocyte elongation, whereas the FnIII domains play a major role. A subset of the FnIII domains, Fn1 to Fn6, are required for proper Dlar function in oogenesis, suggesting potential heterogeneity in ligand presentation in different developmental contexts. The basal surface of follicle cells is closely associated with ECM that is rich in laminin (22) . Given the findings that an FnIII domain of human LAR binds to an ECM complex of laminin and nidogen (36) and that Dlar and integrins integrate ECM signals to regulate actin polymerization during oogenesis (3), it is possible that a similar interaction occurs between the FnIII domains of Dlar and the laminin-rich ECM during oogenesis. Indeed, it is also plausible that the Fn domains may function in neural growth cones as a sensor-receptor for specific elements of the ECM during axon pathfinding. Alternatively, other extracellular ligands or cis-interacting proteins on follicle cell membranes may require FnIII domains for proper function in this context.
Expression of the Dlar⌬Fn2-9 transgene not only failed to rescue egg-shape defects, it also caused a dramatic increase in the penetrance of Dlar Ϫ/Ϫ round stage 14 oocytes observed. We believe that Dlar⌬Fn2-9 causes this phenotype as a result of the Dlar cytoplasmic domain titrating away downstream factors common to multiple signaling pathways, since a truncation mutant lacking all of the Dlar extracellular domain has the same effect (3). This interpretation is consistent with observations of the embryonic nervous system, where Dlar cooperates with a family of RPTPs to regulate axon guidance and outgrowth (15) . Multiple RPTPs are also expressed during oogenesis (16) and may function in parallel with Dlar to regulate follicle cell polarity. It is likely that Dlar lacking a functional extracellular domain could titrate important downstream factors from other phosphatases, interfering with their function.
It is clear from the data in this report that Dlar participates in signal transduction pathways in several distinct contexts. The Ig-like domains appear to function independently of the FnIII domains in ligand recognition, and the PTPase domains also perform distinct functional roles. Given the genetic and biochemical evidence that the multifunctional protein Trio, which contains Ig-like domains, coiled-coil domains, Rac guanine nucleotide exchange factor domains, Rho guanine nucleotide exchange factor domains, and a serine/threonine kinase-like domain, is part of LAR/Dlar signal transduction pathways, it is becoming apparent that LAR subfamily RPTPs participate in multiple and complex signal transduction pathways, making identification of physiologically relevant substrates and ligands all the more difficult and increasingly important.
